Abstract. The analysis of efficiency decline of methods for hydraulic influence on outburst-prone coal seams in the conditions of large depths is represented. The models are considered for parameters calculation of highpressure liquid injection, based on the hypotheses of the stress-strain state formation of the coal seam; the patterns of rock pressure manifestation as well as calculation discrepancy between the liquid injection pressure and the terms of large depths, are established. It is shown that in the parameters calculation of the high-pressure liquid injection, it is necessary to take the height of the column of rocks which lost their integrity and form the stratification zone in the underworked massif instead of depth Н of the seam mining. It has been established that the efficiency of hydro-loosening depends not only on the injection pressure, but also on the location of borehole filtration part relative to the maximum of abutment zone.
Introduction
The most widespread and simple in technological performance, the method of gas dynamic phenomena (GDP) prevention is hydro-loosening of the coal seam selvedge in the mode of static liquid injection in the Donetsk Basin mines. The method is based on high-pressure injection and on the research results conducted in Makiivskyi naukovo-doslidnyi instytut (MakNDI) on the safety of works in the mining industry more than 60 years ago, when the mining operations were carried out at depths from 400 to 700 m.
With the deepening of mining operations, the technological schemes of the methods were revised, and the injection parameters remained unchanged [1 -4] . In a normative technique for parameters calculation of hydro-loosening [3] , the injection pressure of a liquid is determined by the formula:
where γ is the specific gravity of rocks; Н is the depth of mining of the coal seam. By the empirical coefficient (0.75 -1.0), it has been determined the injection pressure range in the static mode, in which the unloading zone and the pack-off depth are determined experimentally. The parameter γН characterizes the rock pressure, which is created by the column of rocks, whose height is equal to the depth Н of mining, according to hypothesis of O.M. Dynnyk.
Nowadays, there are quite enough theories and experimental data confirming the change in the molecular structure of coal under the influence of technogenic factors arising in the geological stratum. The shearing strains lead to structural coal changes with the formation of supermelonits and to generation of methane by the coal substance [5 -7] . However, these processes are not considered in methods for calculation of a selvedge condition of an outburst-prone seam.
Therefore, in the conditions of large depths, despite the application of measures, the gas dynamic phenomena are still occurring with catastrophic consequences [2] . On the one hand, accidents arise because of a human factor, and on the other one, because of the insufficient study of the processes arising in a selvedge of the mined outburst-prone seam.
The results of calculating the pressure of the liquid injected into the coal seam
Let us consider the research results of mining-and-experimental operations of hydro-pulse impact on the example of hydro-loosening of 1 3 i seam of horizon 915 m in the conditions of JV "Sukhodolske-Skhidne", at depth of the seam mining H ≥ 1100 m, γ = 2.65 t/cu. m.
According to (1) , the range of liquid injection pressure should be equal to 22 -29 MPa, and pack-off depth not less than the size of unloading zone. Whereas, the unloading zone and the safe depth of coal mining by the shearer depend on the type of support setting in mine working and the rate of its drivage. Thus, it has been established that at setting of the frame support and the rate of mine working drivage from 2 to 4 m per day, the unloading zone is equal from 5 to 3.5 m, respectively. When frame-and-roof bolting and roof-bolting, the size of the unloading zone is stabilized and is equal to 3.5 -4.0 m. The given results of research show that the pack-off depth accepted based on experimental injections l p = 4.0 m at a borehole length of l = 6.0 m, does not always correspond to the mining conditions.
The long-term MakNDI observations have established that in the case of hydroloosening, the break of seam tightness or sloughing of one of its splits occurs at an injection pressure in the range of 20 -30 MPa. The similar results have been obtained also in our example. Thus, during pack-off at a depth of 4 m and injection pressure of more than 25 MPa, the breakthrough of the liquid into mine working face happened in 4 -5 min after injection.
The above mentioned allows to draw a conclusion that the normative technique for calculation of hydro-loosening parameters [3] does not correspond to conditions of large depths. It should also be noted that when calculating the injection pressure (1), an important pack-off depth parameter is not considered.
Therefore, the objective of the work is to analyze the research results of calculated and set in practice values of the static and pulse modes parameters of liquid injection with account of patterns of rocks displacement in the conditions of large depths.
It is well known that filtration properties of coal in selvedge of a seam are considerably influenced by the rock pressure value and stress state of the coal massif. Between water permeability of coal and rock pressure there is a distinct feedback -with increase in pressure the water permeability of a seam decreases and vice versa, as the rock pressure decreases, the water permeability increases.
The results analysis of practical application of GDP prevention methods based on highpressure liquid injection in the Donbas mines makes it possible to note the following.
The decrease in coal permeability in the abutment zone is effectively used in the hydraulic sloughing of the selvedge of a seam. The technological parameters of the blasthole [3] allow to locate its filtration part in the zone of abutment pressure maximum, and to regulate the additional loading force on the selvedge of a seam by liquid injecting under pressure of Р f ≥ 0.75 γН. However, this process is connected with high probability of GDP initiation and is carried out remotely without the presence of people in mine working throughout all its length. If it does not cause difficulties in a stoping face, but in the preparatory mine working it leads to a decrease in the rate of its drivage by more than 50%.
The method of hydro-loosening also has its own features. So the location of the filtration part of the borehole, the length of which is 2.0 m relative to the abutment zone maximum, is of great technological importance. If, even its insignificant part is located in the unloaded zone, then in the process of injection there happens the breakthrough of liquid into the mine working face. If the filtration part of the borehole is located in the zone with an increased rock pressure or behind it, then because of low water permeability of the coal and, as a rule, the existence of carbonaceous inter-layers, natural pockets and cracks in the seam, the liquid breakthrough occurs in the unknown direction.
As we can see, the efficiency of static liquid injection depends on the location of the filtration part of the borehole relative to the boundary of the abutment zone. Nowadays, this problem is solved by control of unloading zone with a probable error of 0.5 m. It corresponds to the interval of drilled check blast-holes in determining the pack-off depth. The second task -to control the liquid filtration process in the coal seam at static injection -has not been solved yet due to the lack of control methods.
Thus, the application of methods with the mode of static liquid injection in conditions of large depths not only does not ensure the safety of works, but also becomes a constraint factor.
At the same time, the mining-and-experimental works on the hydro-pulse effect on the outburst-prone coal seams have shown that the application of pulse injection modes allows to solve this problem. However, the parameters of this method with account of the stressstrain state formation of the selvedge of a seam have not been sufficiently studied yet.
It is known that during mining operations in underworked massif there is a collapse of rocks with a constant main roof spacing. In the conditions of large depths, this leads to the formation of zones of compression, tension and stratifications (Fig. 1) [8 -11] . a b Fig. 1 . The scheme of tension, compression and stratifications zones formation during rocks breakage at large depths: a -during collapse of the main roof block I; b -formation of stratification and compression zones [9] : 1 -stoping face; 2 -tension zone; 3 -compression zone; 4 -tension zones between blocks; 5 -stratifications zone; 6 -deformation zone of rocks without their discontinuity.
In the geological strata of the coal seams suite, the displacement of rocks initiates the technogenic transformations that exert an impact on the whole massif of the mine field. The structural transformations of coal with phase transitions of coal-gas occur in the outburstprone seams. In tension zones, there is a possibility of free methane filtration that leads to degassing of the massif and formation of the unloaded safe zone. The compression zones on the contrary become the high rock pressure zones (HRPZ) in which the transformed outburst-prone coal seams acquire the stress-strain state with a high probability of selfdestruction.
The generally accepted hypothesis of the stress-strain state formation of a coal seam is the model of Dynnyk O.M.:
.
It is accepted in the model that the pressure is created by the rocks massif, whose column height is equal to the depth H of mining. The research of authors [8, 9] substantiated that in the expression (2) the conditions of large depths are not considered when the stratification zone is formed in the underworked massif. At a certain point of time, namely in the period of formation of tension and compression zones in the underworked massif, rock pressure has a value equal to:
where Н х is the height of the column of rocks, which at the moment have lost the integrity with the massif, m. The height of the column and the rock pressure value can be determined by calculating the rate of deformations development in the massif according to the results of minesurveying observations of displacement process development. In the work [9] it is shown that in the conditions of large depths, when calculating the rock pressure value, only that part of rocks should be considered which has been separated from the underworked massif because of displacement. Based on the long-term research and experience of surveying observation, the height of this column at depths more than 1000 m, depending on the rocks lithification degree, ranges from 600 to 800 m.
With account of the defined features of rock pressure manifestation, we will consider how the parameters of liquid injection into coal seam will change. For this purpose, we will use the model for calculating the liquid injection pressure under static and pulse injection modes (Fig. 2) [12, 13] . Consider the results of calculating the hydro-loosening parameters of coal seams according to the normative technique [3] in the static mode of liquid injection. As it was noted earlier, the calculated range of liquid injection pressure by the formula (1) is equal to 22 -29 MPa. At the same time, the change of technological parameters is considered by the empirical coefficient in the range of 0.75 -1.0.
It has been established that when hydro-loosening through boreholes with 6.0 m length and 4.0 m pack-off depth, with an injection pressure of 23 MPa and more, a breakthrough of liquid and a pressure drop occurred in 10 -15 minutes. The hydro-loosening without a breakthrough of liquid into mine working occurred at a pressure of no more than 22 MPa, which is less than the range established by the formula (1).
These results have confirmed once again that the problem of hydraulic fracturing and hydraulic sloughing during hydro-loosening, has been neither theoretically, nor practically solved.
At the same time, based on the analysis of the numerous experimental data obtained in the process of hydro-loosening in the conditions of large depths, the calculated pressure of the hydraulic sloughing Р n ≥ 0.75 γН [3] always corresponds to boundary value of the liquid injection pressure. Moreover, the efficiency of hydro-loosening depends on the location of the rock pressure maximum ahead of the mine working face and on the pack-off depth. Then, based on the condition of forces equilibrium on the contacting surfaces "seam -enclosing rocks" (Fig. 2) , the phenomenon of hydraulic sloughing at the pack-off depth will occur at Р 1 = 0 [12, 13] :
It follows from the condition (4) that if in the process of liquid injection into the coal seam the stress-strain state of the massif and the energy of the gas accumulated in the seam exceed the contact friction forces, in the coal seam there will necessarily occur the hydraulic sloughing and hydraulic fracturing of interlayers composing the coal seam.
Then, according to the model (Fig. 2) , the condition of hydraulic sloughing at the accepted depth of pack-off will be written as follows: 2 2 0.5 2.65 1100 16.65 1.75
and with account of condition of rocks stratification, at height Н Х (3): 2 2 0.5 2.65 600 9.08 1.75
By these formulas, depending on the pack-off depth, the calculation of injection pressure (Table 1) is made.
Consider the received calculation results with respect to the results established in practice.
When hydraulic sloughing the selvedge of a seam, the pack-off depth of the blast-hole should be from 2.0 to 5.5 m, and its filtration part 0.3 m [3] . In practice, the blast-holes from 2.5 to 3.5 m length are commonly used. With these parameters, the self-destruction of the seam is most effectively realized in the abutment zone in terms of the technology of hydraulic sloughing.
From the table, when calculating by the formula (5) the injection pressure from 41.6 to 58.3 MPa, and by the formula (6) from 22.7 to 32 MPa, corresponds to these parameters. According to the long-term MakNDI observations [1, 2] , at depths more than 1000 m the hydraulic sloughing occurs at an injection pressure in the range of 20 -30 MPa. These values coincide with the results calculated by the formula (6). Now let us compare the calculated data with the results of hydro-loosening of 1 3 i seam of horizon 915 m in JV "Sukhodolske-Skhidne" of PJSC "Krasnodonvuhillia" [14] . With a pack-off depth of the technological borehole of 4.0 m, according to the unloading zone size from 3.5 to 4 m, its filtration part of 2.0 m was located behind the abutment zone maximum. The breakthroughs of liquid into the mine workings face were fixed at an injection pressure of more than 23 MPa. At an injection pressure of more than 25 MPa, the hydraulic fracturing of the seam and drop in injection pressure occurred in 4 -5 minutes, and the signs of hydraulic sloughing in the mine working face were not observed.
In accordance with the set values at these parameters of technological boreholes (Table  1) , according to the normative technique (5) of calculation, the hydraulic fracturing (hydraulic sloughing) can occur at an injection pressure of more than 66 MPa, and when calculating by formula (6) at a pressure of 39 MPa. As we can see, the results of calculation of liquid injection pressure by the formula (5) almost three times exceed the values set in practice. The results obtained by the formula (6) most closely correspond to them.
The importance of conducted research is that by comparing the calculation results and experimental data, the discrepancy of calculation model of liquid injection pressure is determined, based on the hypothesis of stress-strain state formation of coal seam under the pressure, which is created by the height of rocks column equal to the depth Н of mining.
Conclusions
Comparison of the calculation results of the pressure of liquid injected into the coal seams with the results established during the work has shown that in the conditions of large depths the generally accepted hypothesis of the stress-strain state formation of a coal seam under pressure which is created by the height of a column equal to the depth Н of mining, does not correspond to practical results.
It has been shown that when calculating the parameters of high-pressure liquid injection, it is necessary to take the height of the column of rocks which lost their integrity and form the stratification zone in the underworked massif instead of depth Н of the seam mining.
